The cone axon is nearly four times thicker than the rod axon (1.6 vs 0.45 mm diameter). To assess how signal transfer and integration at the terminal depend on cable dimensions, a transducer (cone = ohmic conductance, rod = current source) coupled via passive cable to a sphere with a chloride conductance (representing GABA A receptor) was modelled. For a small signal in peripheral cone with a short axon, steady photosignal transfers independently of axon diameter despite a significant chloride conductance at the cone terminal. Temporally varying photosignal also transfers independently of axon diameter up to 20 Hz and is attenuated only 20% at 50 Hz. Thus, to accomplish the basic electrical functions of a peripheral cone, a thin axon would suffice. For a foveal cone with a long axon steady photosignal transfers independently of axon diameter, but temporally varying photosignal is attenuated 5-fold at 50 Hz for a thick axon and 10-fold for a thin axon. This might contribute to the lower sensitivity of central retina to high temporal frequencies. The cone axon contains 14-fold more microtubules than the rod axon, and its terminal contains at least 20-fold more ribbon synapses than the rod's. Since ribbon synapses sustain high rates of exocytosis, the additional microtubules (which require a thicker axon) may be needed to support a greater flux of synaptic vesicle components.
Introduction
Phototransduction has been studied intensely [1, 2] , and so has transmission of the photosignal at the first synapse [3] . But the cable that connects the transducer to the synapse has been largely ignored even though the design might be complicated. There must be selective pressure to minimize axon diameter. For example, foveal cone axons form a thick mat (Henle's layer) on the optical path to the transducer, and these contribute to photon scatter and nonspecific absorption. Nevertheless, the cone axon is stout, about 1.6 mm in diameter.
The cone axon can be quite long (up to 500 mm in human fovea), so its large diameter might prevent spatial decrement of the photovoltage and also temporal filtering [4, 5] . But even where the cone axon is short (20 mm) , outside the fovea it is also thick. Conversely the rod axon, spanning a similar range of lengths, is always thin, about 0.45 mm in diameter. We wondered whether passive cable properties alone could explain this difference in caliber between cone and rod axons.
Possibly, additional factors influence cable design, such as the I-V relationship at the source and the load at the terminal. Such factors might also affect differently the steady voltage at the terminal and transfer of the photovoltage. To explore how such factors interact with cable dimensions, we constructed compartmental models of both cell types, capturing critical aspects of anatomical structure, I-V relations at the transducer, and alternative assumptions about the terminal load. We also noticed that the cone axon contains about 14-fold more microtubules than the rod; the ratio corresponding roughly to their difference in number of ribbon synapses. Since a ribbon synapse releases synaptic vesicles at high rates [6] [7] [8] [9] [10] [11] , a key constraint on axon diameter may be the number of microtubule 'tracks' needed for exchange of synaptic vesicle components with the soma.
Methods

Structure
To measure axon dimensions, we studied retinal tissue from the fovea and near periphery (1 mm temporal) obtained from adult monkey (Macaca fascicularis and M. fuscata) fixed by perfusion with glutaraldehyde and paraformaldehyde. Retinal tissue was osmicated, stained with uranyl acetate, and embedded in Epon. Thin sections (1 mm) were cut along the horizontal and vertical meridians and stained with toluidine blue for light microscopy. Serial ultra-thin sections (0.09 mm thick) were cut radially along the horizontal meridian and photographed at 2000×and 8000 ×magnification in an electron microscope. The preparation of this tissue was described in detail elsewhere [12] .
Function
Electrotonic properties were studied by compartmental modeling [13, 14] . Computations used the NeuronC simulator [15] on a UNIX workstation. The photoreceptor model consisted of four elements: outer segment, inner segment, axon, and synaptic terminal (Fig. 1) . Simulations generally assumed specific membrane resistance (R m )=50 kV cm 2 [16, 17] , cytoplasmic resistivity (R i ) = 200 V cm [5, 18, 17] , and specific membrane capacitance (C m )= 1 mF/cm 2 [19] . Simulations were also run with R m = 25 and 100 kV cm 2 .
Cone
The outer segment was modeled as a 1 nS conductance in series with an 8 mV battery and in parallel with a capacitor. The conductance and battery values agree with recordings from salamander cone that show a linear current-voltage relationship with a reversal potential of − 8 mV [18] and with excised patch recordings of catfish cone outer segment that show linear (ohmic) cGMPchannels ( Fig. 1 ; see Ref [20] ). The capacitor value was estimated by calculating the surface area of the membranous infoldings (lamellae), about half of which appear continuous with the plasma membrane ( [21] reviewed in Ref [22] ). The surface of a lamella is 2pr 2 and the total surface area in the outer segment is:
where L is outer segment length and d is lamellar spacing (40 nm). The numerator is simply twice the outer segment volume. Outer segment volume is calculated to be 38 mm 3 for a foveal cone and 10 mm 3 for a peripheral cone [23, 24] . Thus the outer segment capacitance is assumed to be 10.7 pF for a foveal cone and 2.4 pF for a peripheral cone.
The inner segment was a 1 nS conductance with a reversal potential of − 60 mV in accord with primate recordings [25] . The cone inner segment contains voltagesensitive conductances (salamander: [18, 26] ; primate: [25, 27] ). The cone inner segment contains voltage-gated conductances that would be activated over the normal resting voltage range. But these conductances can be considered linear for the small voltage changes evoked by low contrast stimuli. Under these circumstances such conductances can amplify the high frequency response of the membrane [28] , but since they are localized to the inner segment, they would not directly affect transmission through the axon. Therefore we assumed ohmic conductances and restricted the model to 'small-signal analysis'. Fig. 3(D) ) subdivided into compartments 0.1 u long. Terminal is a single compartment containing a conductance set by the terminal's dimensions and a battery (E P ) at −70 mV. An additional chloride conductance at the terminal up to 0.45 nS is simulated as an additional conductance (R Cl− ) plus battery (E Cl −; − 65 mV). For these parameters, the cone model consisted of ten compartments. (B) Compartmental model of the rod. Outer segment is a modulated current source (I OS ) in parallel with a capacitor (C OS ); inner segment is a conductance (R IS ) in series with a battery (E IS ; see text). Axon, terminal, and chloride conductances same as for cone. For these parameters, the rod model consisted of 17 compartments. (C) I-V relationship of cone and rod outer segment channels. Cone behaves as an ohmic conductance (rescaled from Ref [20] ). Rod behaves as a current source (rescaled from Ref [2] ). Arrows indicate approximate range of physiological voltages.
The cone axon was modeled as a cable of uniform diameter (1.6 mm). This cable matched results from a more detailed simulation of the anatomy (Fig. 3) . The cone terminal was modeled as an isopotential sphere (7 mm diameter). With standard membrane parameters the model ranged from three compartments for the shortest axon (20 mm) to ten compartments for the longest (380 mm). Input impedance ranged from 0.5 GV for the cone with short axon to 0.4 GV in a cone with a long axon. Resting potential at the terminal ranged from −35 to − 45 mV. These values of input resistance and resting potential accord with measurements from primate cones in situ [27] and also from salamander and turtle cones in isolation [5, 18, 29] . The model generated a dark current of about 30 pA, in agreement with measurements from macaque outer segments [24] .
Rod
The outer segment was modeled as 35 pA current source in parallel with a 1.6 pF capacitor. The current source captured the rod's nearly flat I -V relationship within the physiological range ( Fig. 1 [30, 31] ). The capacitance was calculated by assuming a cylindrical outer segment (25 mm long and 2 mm in diameter; [32] ).
The inner segment's nonlinearities were avoided by restricting the model to a small light response (5% decrease in outer segment current), setting the current source in parallel with a 1 nS conductance and a leakage battery ( −60 mV; [30, 33] ). The cable and sphere for rod axon and terminal were modeled like the cone's, differing only in the physical dimensions noted above. The rod model ranged from 3 compartments for a short axon (20 mm) to 17 compartments for a long one (380 mm). Input impedance ranged from 0.75 GV for a rod with short axon to 0.7 GV for a rod with long axon, and resting potentials ranged from − 25 to −40 mV. These values of input resistance and resting potential accord with calculations/measurements for primate rod in situ [27] and from salamander rod in isolation [30, 31, 34, 35] .
Additional conductances
The mammalian cone terminal participates in a complex neural circuit which includes electrical coupling to neighboring terminals via gap junctions, voltage-sensitive Ca 2 + channels, and negative feedback from horizontal cells (reviewed in Refs [36, 37] ). The gap junction conductance has a small driving force because adjacent cones tend to see the same stimulus. Although in fovea adjacent cones see somewhat different intensities at the highest spatial frequencies, contrast is so attenuated by the optics [38] that they tend to be isopotential. Therefore, the cone model omitted electrical coupling. Voltage-sensitive Ca 2 + channels provide positive-feedback that would improve high frequency transmission across the synapse. Since this would tend to reduce the need for a thick cable, whose existence we sought to explain, we omitted these channels from the model. Both cone and rod models considered horizontal cell feedback, which in primate is probably mediated by GABA [39, 40] . Immunostaining for the GABA A Cl − channel is associated with the photoreceptor synaptic complex [41] and, while GABA A has not yet been localized to the photoreceptor terminal itself, mRNA for the i subunit has been localized by in situ hybridization [42] , and horizontal cell processes invaginating the rod terminal do form chemical synapses [43] . Consistent with this, a distinct inhibitory surround has been demonstrated by intracellular recordings from mammalian cone [44] and by indirect experiments [45] . Furthermore, GABA applied to the cone terminal in lower vertebrates modulates Cl − channels ( [46] [47] [48] ; reviewed in Ref [49] ). Peak Cl − conductance might be expected in darkness when horizontal cell depolarization is maximal. The effects of such a chloride conductance were investigated by adding to the cone and rod terminal an additional leakage conductance of up to 0.45 nS (after Ref [29] ), corresponding to about 25 GABA A channels [50] . The chloride reversal potential was assumed to be − 65 mV [47] .
Results
Structure
Fo6eal cone axons form a thick layer
Cone axons in the fovea (central 5°) pile up to form a defined layer, termed Henle's layer. This layer was up to 50 mm thick ( Fig. 2A) and occupied 25-50% of the distance between the outer and inner limiting membranes (Fig. 2B) . Thus, in the region serving highest acuity, Henle's layer contributes up to half of the retina's scattering and absorption (Fig. 2C ) before photons are finally trapped at the inner segment waveguides immediately distal to Henle's layer [51, 52] .
Axon Dimensions
To find the actual length and taper of a foveal cone axon, we constructed seven of them from electron micrographs of serial sections (Fig. 3D) . From soma to terminal, the axon extended 38095.5 mm (mean 9 S.D.). This agrees with previous estimates of cone axon length in the fovea [53] [54] [55] [56] . Emerging from the soma, the axon was 1.19 0.2 mm in diameter, flaring to 1.49 0.1 mm, and then 1.8 9 0.2 mm, and finally tapering to 1.19 0.1 mm just before the cone pedicle (Fig.  2B, arrows) . Aside from the relatively short tapered segments at either end, thickness remained fairly constant over the proximal half (1.4 mm) and over the distal half (1.8 mm). Cross-sections through the cone Rod axons in the perifovea of M. fasicularis were 0.45 mm diameter (Fig. 3A, B) and in M. fuscata 0.4290.03 mm. The axons were not traced, but Golgi studies at this eccentricity show them to be as long as foveal cone axons [53] . The rod axon terminal was spheroidal, about 2 mm in diameter.
Microtubules
Noting that cone and rod axons are filled with evenly spaced microtubules, we measured their distributions (Fig. 3B, C) . A foveal cone axon in cross-section contained 440 915 tubules at a density of 239 9 36/mm 2 ( Fig.  3(B) ). A perifoveal rod axon contained 359 4 at a density of 265 9 26/mm 2 . The mean densities were the same (P\ 0.8), so the ratio of microtubules in the cone and rod axon is the same as the ratio of their cross-sectional areas, 14.
Function
Steady (DC) photo6oltage at the cone terminal
To investigate how cone axon dimensions affect transfer of the steady state response, we simulated a small photosignal as a 5% decrease in outer segment conductance. For a short axon, photovoltage at the terminal is insensitive to axon diameter (Fig. 4A) . A chloride conductance at the terminal (0.45 nS) drastically reduces photovoltage for an axon thinner than 0.5 mm, but affects photovoltage little for axons thicker than this (Fig. 4A) . For a long axon photovoltage is slightly attenuated below 0.5 mm diameter, but above this photovoltage is independent of axon caliber (Fig.  4B) .
Static photo6oltage at the rod terminal
To investigate how rod axon dimensions affect transfer of steady state response, a small photosignal was simulated as a 5% decrease in the outer segment current. For a short axon photovoltage at the rod terminal is insensitive to axon diameter (Fig. 4A) . But a chloride leak at the terminal reduces photovoltage greatly, and still more so for diameters below 0.5 mm. For a long axon, photovoltage is similar to the short axon at the true diameter (near 0.5 mm), but declines with increasing diameter (Fig. 4B) . This decline in photovoltage with increasing diameter is due to an impedance mismatch between the current source transducer and the axon + terminal. A leak at the terminal greatly reduces photovoltage (Fig. 4B) . Apparently the rod axon at its true diameter is thick enough to transfer the maximum photovoltage for both short and long axons, but in both cases a terminal leak greatly attenuates the signal. 
Resting 6oltage at rod terminal
For a rod axon of true diameter (0.45 mm), any added leak strongly attenuates photovoltage at the terminal (Fig. 5A ). This is true for both short and long axons. Because of the current source transducer, leakage is a major determinant of photovoltage at the terminal. Steady potential is also sharply hyperpolarized (Fig. 5B) . Like the cone, leakage is the major conductance at the terminal so it shifts the terminal steady potential toward its reversal potential ( −65 mV).
Propagation 6elocity
We calculated propagation velocity for a long rod and a long cone axon by simulating a voltage impulse at the outer segment and then measuring the time to peak response at the synaptic terminal. The cone signal propagates at about 150 mm/ms, and the rod signal at 
Resting 6oltage at cone terminal
For a cone axon of true diameter (1.6 mm) a large Cl − leak at the terminal hardly affects the photovoltage (Fig. 5A) . The leak has no effect because photovoltage is determined mainly by the outer and inner segment conductances. However, the leak does sharply hyperpolarize the terminal's steady potential (Fig. 5B) . This is because leakage is the major conductance at the terminal and thus shifts the terminal's steady potential toward the chloride reversal potential ( − 65 mV). Thus, a GABA-mediated leak could strongly alter a terminal's steady potential while minimally affecting the photovoltage. An additional contribution to this leak could be caused by the Cl − current accompanying glutamate transport [57, 58] . about 75 mm/ms. The cone photosignal reaches the terminal in about 2.5 ms while the rod photosignal requires 5 ms. This difference is likely explained by the 4-fold difference in axon diameter since propagation velocity is proportional to the square root of the diameter [19] .
Temporally 6arying photosignal
Peripheral cone outer segments respond to bright flashes with considerable power up to 40 -50 Hz [24, 27] , so it we computed how axon dimensions might affect transfer of a temporally varying signal. Simulating an impulse in outer segment conductance (cone) or current (rod), we measured the terminal's response, and then obtained the Fourier transform. For the peripheral cone (short axon), the signal transfered independently of axon diameter up to 20 Hz and was attenuated by only 20% at 50 Hz (Fig. 6A) . For the foveal cone (long axon) attenuation at 50 Hz was 5-fold for a thick axon and 10-fold for a thin axon (Fig. 6A) .
For the rod axon of true diameter (0.45 mm), both short and long axons gave flat frequency responses up to 10 Hz (Fig. 6B) . Attenuation was stronger for the long axon at higher frequencies. Responses of rod outer segments to short, dim flashes contain most of their power in the range 1-5 Hz [27, 32] . Since the true rod axon dimensions show minimal decrement in this range (Fig. 6B) , the rod axon does not limit the transfer of small rod signals.
To isolate the contribution of the axon and terminal to the temporal response, a voltage was applied at impulse at the outer segment and computed the frequency response was computed (Fig. 6C) . For short axons, frequency response was flat well past 100 Hz. For long axons, thick was better since there was less axial resistance. However, even a long, thin axon offered a surprisingly good response (i.e. no decrement at 10 Hz and little at 20 Hz). A comparison of the response to voltage clamp (Fig. 6C) with the response to conductance/current impulse (Fig. 6A, B) suggests that photoreceptor temporal responses depend on the outer segment membrane properties as well as on the axon.
Discussion
The usual concern regarding signal transfer down a passive cable is the spatial decrement of voltage and temporal filtering. Thus it has been suggested that photovoltage might be markedly attenuated by the axon of a foveal cone [5] and a rod [59] . However, assuming standard parameters of R m and R i , we calculate the space constant for a foveal cone axon to be about 1000 mm (more than twice its actual length) and the space constant for a perifoveal rod axon to be greater than 500 mm. Thus, for even the longest axons simple voltage attenuation down the cable seems not to be a problem. Nor does temporal filtering seem to be an issue. The short axon of a peripheral cone at 0.5 mm diameter gives no attenuation at 20 Hz and little at 50 Hz. Therefore, there is no electrical reason that we can imagine for the short axon to be thick. The long axon of a foveal cone does attenuate temporal frequencies above 20 Hz, even though it is thick. Thus increasing axon caliber for the foveal cone does not solve this problem, and indeed we are more sensitive to high temporal frequencies in the periphery than in the fovea [60] .
However, cable design for photoreceptors is rather more complicated and must take into account: (1) electrical properties of the outer segment and the terminal; (2) non-electrical functions of the cable; (3) supraordinate considerations, such as efficient use of space. Here we indicate briefly how the present analysis bears on each of these issues.
Electrical properties
The compartmental models of the cone and rod suggest no electrical reason why, for the standard (short) axon, the cone axon should be almost 4-fold thicker than the rod axon. Photovoltage generated by the cone's ohmic transducer would propagate adequately in space and time even if the axon were thin (Fig. 4A, Fig. 6 ). Conversely, the rod's constant current transducer is not the key to its axon being thin: an ohmic source would work equally well. But when the terminal contains an extra conductance (representing GABA A receptors), the models behave quite differently. The cone terminal leak hyperpolarizes the steady potential while hardly affecting the photovoltage (Fig. 4A vs Fig. 5B ). The rod terminal leak markedly hyperpolarizes the steady potential and sharply reduces the photovoltage. The reason is that, although the rod outer segment provides constant current over a range of voltages, the voltage response declines due to an impedance mismatch.
These differences seem suited to the different integrative properties at the synapse. The cone terminal's steady hyperpolarization by a GABA-mediated Cl − leak would be reduced by illumination of surrounding cones because they would hyperpolarize horizontal cells and shut off the GABA. Thus surround illumination would tend to depolarize the center cone without affecting the amplitude of its response to illumination. This is a plausible mechanism for the cone's antagonistic surround [61 -63] which subtracts spatially redundant information [64] and thus prevents saturation by transient signals [65] . Presumably this surround antagonism is the basis for 'subtractive adaptation' observed psychophysically and assigned to the outer plexiform layer [66] .
Because the rod terminal's Cl − leak attenuates photovoltage, it is unsuitable for subtracting the background from a graded center signal. But at low light intensity the rod signal is not graded. Instead it is binary, signaling 0 or 1 photoisomerization [7, 67] . This signal tends to be degraded, not by redundant signals in other rods (so psychophysical 'subtractive adaptation' is not needed; [66] ) but rather by their dark noise. A leak that attenuates photovoltage would equally attenuate dark noise and thus could contribute to a thresholding mechanism, which has been postulated by previous studies [32, 68, 69] . This result might suggest that the 'current source' transducer and Cl − leak are well matched for thresholding at the terminal of the mammalian rod. However, the amphibian rod, which transduces a graded signal like a cone, also behaves like a current source, so the reason for the ohmic versus current source behavior remains unclear.
A non-electrical function of the axon
If standard cable properties accounted completely for axon thickness, one would expect shorter cone axons to be thinner. However, the cone axon is thick, independent of its length, and in all species [5] . This might reflect a requirement of graded signal transmission, since the rod axon is also thick where its signal is graded (e.g. salamander) and thin where its signal is binary (mammals). Graded transmission also correlates with the number of ribbon synapses in the terminal; thus cones and salamander rods have many ribbons, but mammalian rods have only one [70, 71] . In fact, the axon's cross-sectional area is directly proportional to the number of ribbons. Thus the nearly 15-fold ratio found for cone/rod axon area (Fig. 3) is paralled by their 20-fold ratio of ribbon synapses. A similar proportionality between axon cross-section and number of ribbon synapses is found for six types of bipolar axon in cat retina, all identical in length [72] .
To transmit a graded signal requires a high rate of transmitter release [9, 72, 73] . Estimates at a variety of ribbon synapses suggest about 100 vesicles/s for an upper bound to the tonic rate [72] . Thus, a primate cone terminal would tonically release on the order of 2000 vesicles/s and the rod terminal only 100 vesicles/s [74] . Although synaptic vesicles recycle within the terminal [75] , the number of cycles of fusion retrieval that a vesicle can sustain is probably limited. This implies a substantial exchange of synaptic vesicle components between soma and the terminal, a traffic conducted by kinesin motors that run on microtubule 'tracks' [76, 77] . For a given motor speed, the rate of delivery depends on the number of tracks (independent of length). Therefore a higher release rate sustained by a cone terminal might well require correspondingly more tracks and thus a thicker axon. We note in this regard that a retina-specific kinesin is most intensely expressed in photoreceptor terminals [78] .
Space efficiency
The initial impetus for this study was a consideration of space; the presumed selective pressure to keep the axons of Henle's layer thin. Our calculations suggest that the long axon of a foveal cone is as thin as it can be without spatial decrement; however, a peripheral cone axon could be thinner, if cable properties were the only issue. Rods are more numerous than cones (beyond the fovea) by up to 20-fold [79, 80] , so the pressure to minimize cell volume must act strongly on rods. Indeed, for volume of axon + terminal the rod is reduced to about 10% of the cone. Were this volume the same as a cone's the retina's total postreceptoral thickness (from vitreal surface to the level where light is trapped at the inner segments) would roughly double.
In conclusion, it is sobering to recognize the importance of 'space efficiencies' in retinal architecture. And it is equally sobering to realize, as the present calculations suggest, how very many considerations enter the design of what at first seems like a simple wire.
